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ABSTRACT The dynamics of laser-excited electrons in ellipti-
cally shaped silver nano-particles is studied using time-resolved
two-photon photo-emission. By changing the polarization of
the laser pulse at a fixed frequency, a different dynamics is
observed near and far from resonance. To analyze these data,
the effect of radiation damping on Mie plasmons of Ag nano-
particles is studied as a function of laser frequency and po-
larization. It is shown that the off-resonance lifetime can be
shorter or longer than the lifetime at resonance, depending
on the incidence conditions of the laser light and on the de-
polarization factors characterizing the optical response of the
nano-particles.
PACS 36.40.Gk; 61.46.+w; 78.47.+p
1 Introduction
The optical properties of nano-structured systems
have been extensively investigated in order to elucidate their
fundamental processes and to examine possible technological
applications [1, 2]. In metal nano-particles, collective elec-
tronic oscillations – the so-called Mie plasmons – can be
excited by light and are therefore detectable as a pronounced
optical resonance in the visible or UV parts of the spectrum.
The collective oscillation can be interpreted as a displacement
of the center of mass of all electrons in the particle against the
positively charged background of the atomic cores. This res-
onance dominates the linear and nonlinear response of the ma-
terials. Considerable interest has been focused on silver nano-
particles as they exhibit a particularly strong size-dependent
optical resonance in the visible spectral range (1.8–3 eV), i.e.,
at energies below the interband transition threshold (≈ 4 eV).
Consequently, the absorption cross-section in the visible re-
gion is dominated by Drude damping [3]. The contribution
due to interband transitions is negligible.
In recent years several line width measurements and time-
resolved second harmonic generation autocorrelation meas-
urements on metallic nano-particles have been published, re-
porting a dephasing time of the Mie-plasmon excitation on
the order of 4–20 fs [4–8]. Much less is known, however,
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about the microscopic mechanism of the investigated damp-
ing rate. The excited electronic system in large nano-particles
(> 50 nm) can exhibit additional dominant microscopic relax-
ation channels that are not important in bulk material, such as
radiation damping. Compared with Drude damping the radi-
ation damping is explicitly frequency dependent. The ques-
tion arises whether the same microscopic damping processes
due to photons, phonons, impurities, surface scattering and
electron–electron interactions are involved when the photo-
excitation is close to the Mie plasma resonance or far from it.
The present work focuses on time-dependent studies
of elliptically shaped silver nano-particles with dimensions
of 80 nm× 40 nm. In particular, autocorrelation measure-
ments with femtosecond laser pulses were performed by
two-photon photoemission (TR-2PPE) in order to determine
the dynamics of the optically excited electronic system. The
two-dimensional array of nearly identical, parallel-oriented
particles are deposited lithographically onto a transparent in-
dium tin oxide (ITO) substrate, which itself lies on a glass
plate. The size of the particles was chosen such that quantum
confinement effects could be neglected. Elliptically shaped
metal nano-particles show two different plasmon resonance
frequencies for light polarized parallel to the short and long
axes, respectively. Choosing the laser wavelength at one of
these two resonances makes it possible to distinguish between
excitation near and far from resonance by simply rotating the
polarization of the laser pulse. The measurements were per-
formed in the low perturbation regime in order to avoid space
charge effects and deformation of the metallic nano-particles.
2 Experiment
The experimental method used to investigate the
dynamics of the optically induced electronic excitations was
time-resolved two-photon photoemission. This pump-probe
technique enables a direct measurement of the dynamical
properties in the time domain with a resolution of a few fem-
toseconds [9]. An ultrashort (pump) laser pulse excites elec-
trons of the valence band to unoccupied states with energies
between the Fermi and vacuum level. A second (probe) laser
pulse measures the transient population of these intermedi-
ate states as a function of the temporal delay with respect to
the pump pulse. The measured pump–probe signal (autocor-
relation curve, see below) contains an exponentially decaying
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FIGURE 1 Array of Ag nano-particles deposited on the ITO substrate
contribution which is, within a first-order approximation, di-
rectly correlated to the population decay time T1 of the inter-
mediate excitation state.
The experiments were performed with a femtosecond Kerr
lens mode-locked Ti:sapphire laser, pumped by about 10 W
from a cw-operated diode pumped solid-state laser. The sys-
tem delivered transform-limited and sech2 temporally shaped
pulses with up to 12 nJ/pulse and a duration of 40 fs at a rep-
etition rate of 82 MHz and a wavelength of 830 nm. The lin-
early polarized output of the Ti:sapphire laser was frequency-
doubled in a 0.2-mm-thick beta barium borate (BBO) crystal
in order to produce UV pulses at hω= 2.99 eV, correspond-
ing to 415 nm. In a Mach–Zehnder interferometer the pulses
were divided by a beamsplitter into equal intensity (pump and
probe) pulses. One path was delayed with respect to the other
by a computer-controlled delay stage. Both beams were re-
combined collinearly by a second beamsplitter, sent through
an adjustable λ/2-retardation plate and focused perpendicu-
larly to the sample surface. The diameter of the laser spot on
the sample was around 100µm. It was possible to rotate the
plane of polarization to any arbitrary angle by means of the
λ/2 plate. Nevertheless the light was always s-polarized with
respect to the sample surface.
The sample was mounted in an ultra-high vacuum cham-
ber held at a base pressure in the 10−10 mbar range. A bias
voltage of−4 V was applied to the sample to eliminate effects
of any stray electric fields. The photo-emitted electrons were
detected in a cylindrical sector analyzer (CSA). The entrance
axis of the energy analyzer was 45◦ with respect to the laser
beam. In general, we used a pass energy of 4 eV, leading to
a resolution of roughly 50 meV.
The long and short axes of the elliptically shaped sil-
ver nano-particles were 80 nm and 40 nm, respectively. Their
height was 45 nm. Figure1 illustrates the geometry, size and
the distances of the particles in the array. In the following
the long half-axis of the elliptic particle is called a and the
short half-axis is called b. The whole quadratic array contain-
ing the particles had a lateral length of 200µm. The substrate
was a 30-nm-thick layer of ITO which itself was placed on
a quartz glass plate. ITO was used because on the one hand it
is electrically conductive, preventing charging effects, but on
the other hand the amount of photo-emitted electrons coming
from its surface is negligible. An electron-beam-lithography
technique was used for a controlled design of the metallic
nano-particles [10]. As particle shape and interparticle dis-
FIGURE 2 Measured extinction spectrum of the nano-particle array. The
low- and high-frequency peaks correspond to the Mie plasmons excited along
the long and short axes of the elliptical Ag particles, respectively
tance can be varied independently, this method allows the
optical properties of individual particles to be tailored. Thus
the resonance frequency and the strength of particle interac-
tion can be tuned independently. Thereby the optical extinc-
tion maximum can be tuned to the desired wavelength (in
this case to the illuminating laser wavelength of 415 nm). The
nano-particle has two different resonances, as is visible in the
extinction spectrum (Fig. 2): hωa = 2.1 eV and hωb = 2.9 eV.
Both peaks have a FWHM of about 0.4 eV.
Figure 3 shows a typical autocorrelation trace as obtained
from a TR-2PPE measurement at an intermediate state en-
ergy, E− EF = 1.8 eV [11]. A sech2 curve is fitted to the
experimental data in order to obtain the FWHM of the trace.
In Fig. 4 the FWHM derived from the autocorrelation traces
are plotted as a function of the rotation of the state of polar-
ization. For comparison the behavior of the polycrystalline
tantalum is also shown. The FWHM for tantalum is not af-
fected by turning the polarization angle of the incoming light.
Therefore, any effect caused by an increase in the dispersion
due to rotation of the λ/2 plate can be excluded. For the Ag
nano-particles, however, a rotation of 90◦ reduces the FWHM
from almost 75 fs in the b-direction (short-axis mode, reso-
nant plasmon excitation) to 69 fs in the a-direction (long-axis
FIGURE 3 Typical autocorrelation measurement of time-resolved two-
photon photo-emission yield as a function of delay time
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FIGURE 4 Full-width at half-maximum of the autocorrelation of the Ag
particle array and polycrystalline Ta as a function of laser polarization in the
plane of the surface. a: excitation along long axis; b: excitation along short
axis. The laser frequency is 2.99 eV
mode, off-resonance plasmon excitation). Further rotation re-
stores the long lifetime of the plasmon excitation case. One
should be aware that these FWHM values still include the
autocorrelation of the laser pulse width. The autocorrelation
traces of tantalum were measured at an intermediate state en-
ergy, E− EF = 2.8 eV. In this energy range, the lifetime of
excited electrons is less than 1 fs [12], and hence the traces
obtained for tantalum represent the pure laser autocorrelation
curve. Therefore, any increase in the FWHM in the autocor-
relation measurement for Ag nano-particles compared to the
Ta values must be caused by a lifetime effect of the optically
excited electron system.
3 Theory
Let us consider an isolated spheroidal metal par-
ticle of volume V subject to an external electromagnetic field
Eext of frequency ω (wavelength λ). The bulk dielectric func-
tion of the particle is ε(ω) = ε1(ω)+ iε2(ω). Assuming the
incident field to be oriented along one of the principal axes,
the total induced polarization may be written as follows (i =
x, y, z) [13, 14]:
Pi(ω)= χi(ω)[Eext(ω)+ Erad(ω)] , (1)
where the diagonal elements of the susceptibility tensor are
given by
χi(ω)= 14π
ε(ω)−1
1+[ε(ω)−1]Ai . (2)
For ideal spheroids, the depolarization factors Ai satisfy the
sum rule A1+ A2+ A3 = 1; in the case of a sphere, Ai = 1/3.
The second term in (1) accounts for losses due to radiation and
is related to the polarization via
Erad(ω)= 4πiB(ω)Pi(ω) , (3)
where the coefficient B(ω) is defined as
B(ω)= 4π
2
3
V
λ3
. (4)
This relationship may be derived by equating the work done
by Erad on the dipole with the radiated energy [15]. Eliminat-
ing Erad from (1), the polarization takes the form
Pi(ω)= χi(ω)1−4πiB(ω)χi(ω) Eext(ω) . (5)
To find the electric field inside the particle, we use
ε(ω)Eint(ω)= Eint(ω)+4πPi(ω) , (6)
which yields Eint(ω) = fi(ω)Eext(ω), where the dynamical
field enhancement factor fi(ω) is given by
fi(ω)= 11+[ε(ω)−1][Ai− iB(ω)] . (7)
In the following we focus on Ag nano-particles, whose
bulk optical properties are well represented by writing the di-
electric function as
ε(ω)= 1− ω
2
p
ω(ω+ iγ) +[εd(ω)−1] . (8)
The first term is the Drude function characterizing the nearly-
free 5 s electrons, where ωp = 9.2 eV is the plasma frequency
and γ the weakly frequency-dependent damping parameter.
The second term accounts for the optical response of the oc-
cupied 4d bands.
Although (7) can be used to analyze the observed extinc-
tion spectrum, it is not obvious how to extract from the shape
of fi(ω) the inverse lifetime Γi(ω) of the plasma modes, in
particular, its variation with frequency. To derive an expres-
sion for Γi(ω), we rewrite the enhancement factor as follows:
Since γ 	 ω and εd(ω) is real in the region of interest, the
resonance denominator of fi can be approximated as
f −1i (ω)=1+[(ε1−1)Ai+ ε2B]+ i[ε2 Ai − (ε1−1)B]
≈1+
[(
εd−1−
ω2p
ω2
)
Ai + ε2 B
]
+i
[
ω2p
ω2
Ai
ω
(
γ +ω B
Ai
)
− (εd−1)B
]
. (9)
The resonance frequency is determined by the vanishing real
part of f −1i and is given by
ωi ≈ ωp√
εd −1+ A−1i
, (10)
where we have neglected the small shift due to ε2 B. Thus, the
frequency of the Mie plasmon ωi is determined to good ac-
curacy by the geometrical depolarization factor Ai . Radiation
causes only a weak redshift.
As can be seen from the imaginary part of f −1i , the over-
all broadening due to Drude damping and radiation losses is
given by the function
Γi(ω)≈ γ +ωB(ω)/Ai . (11)
The small correction associated with the term (εd − 1)B is
omitted. For the particle sizes considered below, the damp-
ing due to radiation is rather large and dominates the Drude
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damping. Moreover, since ωB(ω)∼ ω4, radiation damping is
strongly frequency dependent and leads to a skewing of the
plasmon peak. In particular, this implies that the damping near
the maximum of the plasmon resonance is not representative
of the damping far from resonance. Below the resonance, ra-
diation damping is weaker than at resonance, while above the
resonance, it becomes rapidly stronger.
Another important result is that the radiation reaction field
defined in (3) leads to different damping along the axes of the
ellipsoid. Since the polarization along these axes is governed
by the factors Ai , the induced damping is also determined by
these coefficients. The following simple rule can be derived
from the above expressions: A long ellipsoidal axis implies
a low Mie resonance frequency, ωi , a small depolarization
factor, Ai , and a strong radiation damping, ωB(ω)/Ai . Con-
versely, a short axis gives a higher Mie frequency, a larger
depolarization factor, and weaker radiation damping. These
trends are consistent with the expectation that for increasing
ratio Ri/λ (Ri is the radius along axis i), the influence of ra-
diation damping should also increase.
In the case of ordered particle arrays deposited on a di-
electric substrate, dipole and multipole interactions between
particles and interactions with the substrate induce shifts of
the Mie plasma frequencies. Furthermore, deviations from the
ideal ellipsoidal shape cause mixing between the principal
modes. Since these effects are difficult to describe quantita-
tively, we use the depolarization factors Ai as fitting param-
eters in order to reproduce the experimentally observed ex-
tinction spectrum for normal incidence. In this configuration
only, the modes parallel to the surface plane are detected in
which the particles have a nearly perfect elliptical shape, with
semi-major axis a and semi-minor axis b. The corresponding
depolarization factors are denoted by Aa and Ab, respectively.
For light polarization along these axes, mixing between the
associated plasma modes should be small.
Figure 5 shows the imaginary part of the field enhance-
ment factor fi(ω) for two effective depolarizations, Aa =
0.061 for the long axis (radius a= 40 nm) and Ab = 0.145 for
the short axis (radius b= 20 nm). The Ag dielectric function
0
1
2
3
4
5
6
7
8
1.8 2 2.2 2.4 2.6 2.8 3 3.2
Im
 
f i(ω
)
ω (eV)
long axis short axis
ωa ωb
Γa Γb
FIGURE 5 Imaginary part of the field enhancement factor fi(ω) for depo-
larization factors Ab = 0.145 representing the short ellipsoidal axis b (solid
curve) and Aa = 0.061 representing the long axis a (dashed curve)
is taken from bulk optical data [16], and the particle vol-
ume is V = πabh, with h ≈ 45 nm being the particle height.
For comparison we note that the Mie plasmon of a spherical
Ag particle in the absence of radiation losses lies at the fre-
quency ωM = 3.5 eV and the width is 0.1 eV. As a result of the
depolarization factors Ai the Mie plasma frequencies in the
present case are ωa = 2.1 eV and ωb = 2.9 eV, respectively.
These frequencies and the peak shapes agree well with the fea-
tures observed in the extinction spectra shown in Fig. 2 from
square arrays of Ag nano-particles deposited lithographically
on a transparent ITO substrate, with dimensions as specified
above [11].
At these plasma frequencies, the term B(ω) character-
izing radiation damping is about 10 times smaller than the
corresponding depolarization factors Ai: B(ωa) = 0.007 and
B(ωb)= 0.019. Although the B terms cause a negligible shift
of the resonance peaks, they have an important effect on the
lifetime broadening: Both plasmon features exhibit a width of
about 0.4 eV, in good agreement with the data.
As pointed out above, radiation damping is strongly fre-
quency dependent. At first, it is therefore surprising that both
peaks exhibit about the same amount of radiation damping.
However, as evident from (11), the radiation damping scales
inversely with the polarization factor A. Thus, for the low
(high) frequency Mie plasmon, both ωB(ω) and A are small
(large), so that Γa(ωa)≈ Γb(ωb).
An interesting question arises concerning the lifetime of
the plasma oscillation in the nano-particle near resonance and
off resonance. In small spherical Ag particles, this damping is
given by the Drude parameter γ , which is weakly frequency
dependent, since it stems primarily from impurity and phonon
scattering as well as small contributions due to electron–
electron interactions [3]. Surface scattering plays a role only
at radii less than about 50 Å [2, 17]. Thus, for particle radii of
about 50–100 Å, the damping can be regarded as frequency
independent; in particular, it has the same value near the res-
onance frequency as above or below the peak maximum. The
physical reason is, of course, that below the interband onset
near 4 eV all electrons are subject to the same microscopic
scattering processes, regardless of whether they oscillate at
resonance or not. The plasma mode signifies a larger ampli-
tude of oscillation but not the presence or absence of a particu-
lar microscopic scattering mechanism.
For larger nano-particles, this picture changes, since now
the effective damping parameter is explicitly frequency de-
pendent because of radiation losses, as indicated in (11).
To illustrate this effect we compare in Fig. 6 the functions
Γi(ω) for the long and short ellipsoidal axes with the bare
Drude damping γ as derived from bulk optical data. At any
fixed laser frequency, the long-axis mode is seen to exhibit
about twice as much radiation damping as the short-axis mode
(the ratio is essentially given by Ab/Aa ≈ 2.4). The radiation
damping for both modes is significantly larger than the Drude
damping.
Let us now consider the lifetime measurement discussed
in the previous section, i.e., two-photon photo-emission at the
pump laser frequency near the peak of the short-axis mode
at 2.9 eV. For a light polarization along the short b axis, we
would expect to observe a damping given approximately by
Γb = Γb(ωb). If we now rotate the polarization direction to-
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FIGURE 6 Plasmon broadening Γi (ω) as a function of frequency. Solid
curve: damping of high-frequency mode Γb(ω) (ωb = 2.9 eV, short axis);
dashed curve: damping of low-frequency mode Γa(ω) (ωa = 2.1 eV, long
axis); dot-dashed curve: Drude damping γ derived from bulk optical data
wards the long a axis without changing the laser frequency,
we excite the high-frequency tail of the ωa plasma mode and
expect to find the damping Γa(ωb), which is about twice as
large as Γb. Thus, in this particular configuration the collec-
tive mode ωb detected on resonance has a much longer life-
time than the excitations in the high-frequency tail of the ωa
mode.
This trend agrees with the experimental observation using
two-photon photo-emission at 3 eV pump laser frequency. Ac-
cording to Fig. 4, the increase in the FWHM of the TR-2PPE
autocorrelation curve is about a factor 2 smaller for the long-
axis mode as compared to the short-axis mode, taking into
account that the FWHM of the Ta measurements represents
the FWHM of the laser autocorrelation curve.
It might be tempting to conclude from this analysis that
on-resonance collective excitations in general have a longer
lifetime than excitations far from resonance. This is not cor-
rect, however, since the exact opposite should be obtained if
we perform the analogous experiment near the frequency ωa
of the long-axis mode. For a polarization along the a axis,
we observe this mode on resonance with a damping given by
Γa = Γa(ωa). (According to Fig. 6, this damping is acciden-
tally similar to Γb.) If we rotate the polarization towards the
short b axis, while keeping the laser frequency fixed at ωa,
we should observe a strong decrease in damping, since excita-
tions of the nano-particle along the short axis are less subject
to radiation losses. Thus, in this alternative configuration, the
collective mode ωa detected on resonance has a shorter life-
time than the excitations in the low-frequency tail of the ωb
mode. To test this theoretical prediction, it would be desirable
to repeat the two-photon photo-emission measurement with
a pump laser frequency of about 2.1 eV.
On the basis of the above theoretical analysis we can give
the following tentative interpretation of the observed two-
photon photo-emission spectra: The initial pump pulse excites
an electron from an occupied state 1 to an intermediate state 2.
The effective field governing this excitation consists of a su-
perposition of external field and induced field generated by the
dynamical response of the electrons of the Ag particle. Ac-
cordingly, the amplitude of this excitation process is greatly
enhanced if the laser frequency coincides with the Mie reson-
ance. Because of the strong intrinsic broadening of the Mie
plasmon the induced contribution to the effective electromag-
netic field exciting state 1 is coherent over rather short times,
of the order of 0.6–6 fs, corresponding toΓ ≈ 0.1–1.0 eV (see
Fig. 6). Since the energy of the intermediate state is about
2 eV above the Fermi energy, the excited electron scatters
quasi-elastically via phonons and impurities and via inelastic
electron–electron processes, giving a typical overall lifetime
of about 6–10 fs, corresponding to an imaginary part of the Ag
quasi-particle self-energy of about 0.06–0.1 eV [18–21]. The
probe beam excites the electron from the intermediate state to
the final state 3 above the vacuum level such that it can be de-
tected as an emitted electron. The probability of the second
excitation process is also greatly enhanced if the probe laser
is in resonance with the Mie plasma frequency. The probe
pulse is subject to the same frequency-dependent damping
mechanisms as the pump pulse. The measurements discussed
in the present work suggest that time-resolved, two-photon
photo-emission is sensitive not only to the decay of the inter-
mediate electronic state but also to the intrinsic damping of
the effective electromagnetic field causing the single-electron
transitions.
4 Summary
The lifetime of Mie plasmons of Ag nano-particles
was investigated using two-photon photo-emission spec-
troscopy. The different damping rates obtained under on- and
off-resonance conditions were shown to be compatible with
different magnitudes of radiation damping along the long and
short axes of the elliptical particles. In general, at a given
laser frequency, photo-excitation along the long axis implies
stronger radiation damping than along the short axis. This
result is consistent with the well-known fact that for spheri-
cal particles radiation losses become more pronounced with
increasing radius. Moreover, this result holds regardless of
whether the photo-excitation is close to the Mie plasma res-
onance or far from it. In fact, collective plasma oscillations
within the nano-particle are subject to the same microscopic
damping processes due to phonons, impurities, electron–
electron interactions, etc., as off-resonance excitations. None
of these inelastic scattering mechanisms is reduced or absent
if the electrons oscillate near the resonance peak. The theor-
etical analysis revealed that the peculiar dependence of the
effective radiation damping on laser frequency and depolar-
ization factor leads to asymmetric spectral peaks and different
lifetimes under on- or off-resonance conditions. Although
other effects such as inter-particle and multipole interac-
tions might affect the detailed shapes of the extinction and
two-photon photo-emission spectra, the qualitative trend dis-
cussed here for radiation damping in ellipsoidal particles is
expected to hold quite generally.
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